The chemokine receptor CXCR2 is a key mediator of neutrophil migration that also plays a role in tumor development. However, CXCR2 influences tumors through multiple mechanisms and might promote or inhibit tumor development depending on context. Here, we used several mouse models of spontaneous and inflammation-driven neoplasia to define indispensable roles for CXCR2 in benign and malignant tumors. CXCR2-activating chemokines were part of the secretome of cultured primary benign intestinal adenomas (Apc Min/+ ) and highly expressed by all tumors in all models. CXCR2 deficiency profoundly suppressed inflammation-driven tumorigenesis in skin and intestine as well as spontaneous adenocarcinoma formation in a model of invasive intestinal adenocarcinoma (AhCreER;Apc fl/+ ;Pten fl/fl mice). Pepducin-mediated CXCR2 inhibition reduced tumorigenesis in Apc Min/+ mice. Ly6G + neutrophils were the dominant source of CXCR2 in blood, and CXCR2 deficiency attenuated neutrophil recruitment. Moreover, systemic Ly6G + cell depletion purged CXCR2-dependent tumor-associated leukocytes, suppressed established skin tumor growth and colitis-associated tumorigenesis, and reduced Apc Min/+ adenoma formation. CXCR2 is thus a potent protumorigenic chemokine receptor that directs recruitment of tumor-promoting leukocytes into tissues during tumor-inducing and tumordriven inflammation. Similar leukocyte populations were also found in human intestinal adenomas, which suggests that CXCR2 antagonists may have therapeutic and prophylactic potential in the treatment of cancer.
Introduction
Inflammation and tumorigenesis are intimately linked. Chronic inflammation can drive tumorigenesis, and tumors are inherently proinflammatory, with infiltrating leukocytes thought to be critical for tumor maintenance and progression (1, 2). In colorectal cancer, for example, ulcerative colitis increases risk greater than 20-fold (3); NSAIDs reduce it by approximately 50% (4); and inflammatory infiltrate profiles predict patient outcome (5) . Molecules that drive tumor-driven, or tumor-inducing, inflammation have considerable potential as therapeutic targets. Among these are inflammatory chemokine receptors, heptahelical G proteincoupled receptors that mediate the biological effects of secreted inflammatory chemokines. They are key regulators of inflammation in a spectrum of physiological and pathological contexts. Established cancers often constitutively produce a subset of proinflammatory chemokines, which, through multiple chemokine receptors, are thought to shape leukocyte infiltrate, regulate other stromal cells, and, in some instances, directly control tumor cells (6) . However, the overlapping chemokine binding profiles of inflammatory chemokine receptors means that it may not be possible to identify individual chemokine receptors with sufficiently profound effects on de novo tumor development to represent realistic targets for cancer therapy or prophylaxis.
Chemokines that activate the chemokine receptor CXCR2 are expressed by a wide variety of established human cancer types. The chemokines CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8 all activate human CXCR2; CXCL6 and CXCL8 also signal through human CXCR1 (7) . Although mouse CXCR2 binds a similar spectrum of chemokines, mice lack Cxcl8; they have only 1 CXCL5/6-like gene (referred to herein as Cxcl5); and their Cxcl2 and Cxcl3 genes are highly homologous and coregulated. Mouse Cxcl5 also binds mouse CXCR1 (8) , although the function of this receptor in vivo is unclear. Neutrophils, readily identified by expression of Ly6G (a component of the Gr1 epitope), are the predominant CXCR2 + cells among blood leukocytes, and CXCR2 is a key regulator of their recruitment and effector responses (7, 9) . Depending on the context, both pro-and antitumor activities have been attributed to neutrophils (10) . CXCR2 is also expressed by neutrophil precursors in the bone marrow that can be released during systemic inflammation, and by many Gr1 + CD11b + cells in tumor-bearing mice, a population that likely includes neutrophils, their precursors, and polymorphonuclear myeloidderived suppressor cells (MDSCs) (11, 12) . CXCR2 can also be found on endothelial cells (13) , where it can mediate angiogenesis (14) and augment neutrophil recruitment (15) . It is also seen on some tumor cells and can be induced by activated oncogenes (e.g., ras) (16) . Its function on transformed cells is context dependent. For example, CXCR2 is required for the optimal growth of ras-transformed keratinocytes in vivo (17) and has been shown to stimulate tumor cell growth, survival, and motility in several model systems (18) (19) (20) . In contrast, induction of CXCR2 and its ligands by oncogenic K-ras reinforces senescence in vitro (21) , predicting a role in tumor suppression in vivo. In some cancers, such as prostate cancer, CXCR2 is expressed by early premalignant cells, but downregulated during tumor progression (21) (22) (23) .
Collectively, these observations -many of which have come from studying cell lines in culture or transplanted into mice -suggest that CXCR2, operating on multiple cell types, could have positive and negative influences on cancer initiation, development, and invasion. Since CXCR2 inhibitors are under development for the treatment of a variety of inflammatory disorders (24, 25) , it is critical that the overall role of CXCR2 during tumorigenesis in multiple tissues is fully understood. If CXCR2 is protumorigenic, these inhibitors may be efficacious for cancer chemoprevention or therapy. However, their use to treat inflammatory disease might be inadvisable if CXCR2 acts as a tumor suppressor by, for example, blocking progression of premalignant lesions. Although it has been previously shown that CXCR2 antagonism does not inhibit mouse mammary adenocarcinoma growth, despite partially reducing Gr1 + CD11b + cell abundance in the tumor (11) , recent work has shown that pancreatic ductal adenocarcinoma progression can be suppressed using a CXCR2 inhibitor (26) , and Cxcr2 -/-mice are reportedly less susceptible to skin and prostate tumorigenesis (27, 28) . Here, using inflammation-driven and spontaneous mouse models of intestinal and skin neoplasia, including benign and malignant tumor models, we reveal how Cxcr2 deficiency and/or inhibition, or CXCR2-expressing Ly6G + cell depletion, resulted in profound suppression of tumorigenesis. We propose that CXCR2 antagonists may therefore have potential as novel prophylactic or therapeutic anticancer treatments.
Results

CXCR2 is expressed by blood-and tumor-associated Gr1
+ cells, and its chemokine ligands are constitutively produced by papillomas. Topical treatment of susceptible mice with 7,12-dimethylbenz[α]anthracene (DMBA), followed by repeated application of 12-O-tetradecanoyl phorbol-13-acetate (TPA), generates inflammation-driven premalignant lesions that express high levels of senescence markers (21, 29) . Several weeks after the last TPA application, substantial numbers of cells adjacent to, and within, these tumors expressed myeloperoxidase (MPO) ( Figure 1A ), a marker of neutrophils and some MDSCs. We were interested in identifying the chemokine receptor that might be responsible for the recruitment of these cells. CXCR2 was an obvious candidate due to its known role in neutrophil recruitment. Analysis of publicly available mouse leukocyte microarray data (www.immgen.org; gene name IL8Rb) confirmed that Cxcr2 transcripts are firmly restricted to neutrophils. High expression of Gr1 is commonly used to identify blood neutrophils (30) . The Gr1 Ab recognizes Ly6G and Ly6C: Ly6G is expressed by neutrophils, and they are the dominant Ly6G + cell type in mice (31) . Ly6G is also expressed by neutrophil precursors in the bone marrow and polymorphonuclear MDSCs present in tumor-bearing mice (32) . CXCR2 was highly expressed by all Gr1 hi cells in blood of untreated mice, and also by most Gr1 hi cells in bone marrow (Figure 1B) ; these cells in blood and bone marrow had the forward and side scatter properties of neutrophils, as expected (data not shown). Gr1 lo blood cells (monocytes) were CXCR2 -( Figure 1B) .
Compared with adjacent normal skin, established DMBA/TPAinduced papillomas (harvested more than 2 weeks after the last TPA application) showed increased abundance of transcripts for at least 1 of the CXCR2 ligands, particularly Cxcl1, Cxcl2, and Cxcl5 ( Figure 1C) , and a concomitant increase in levels of CXCL1, CXCL2, and CXCL5 protein ( Figure 1D ). Abs against CXCR2 ligands gave poor immunostaining of papillomas (data not shown), inconsistent with the levels of protein detected by ELISA ( Figure 1D ). Thus, to define the source of chemokines, RNA was prepared from stromal and tumor cells retrieved from papilloma sections by laser capture microdissection (LCM). Quantitative RT-PCR (Q-RT-PCR) did not detect any significant difference in expression of Cxcl1 and Cxcl2 between stroma and tumor, which indicates that they are made in both compartments, whereas Cxcl5 was predominantly made by the stroma ( Figure 1E ). Thus, papillomas clearly had the potential to recruit Gr1 hi blood cells through CXCR2. Moreover, CXCR2 was detected on most CD11b + Ly6G + cells ( Figure 1F ) in disaggregated tumor samples (these cells were absent from adjacent normal tissue), albeit at lower levels than on blood and bone marrow CD11b + Ly6G + cells from tumor-bearing mice ( Figure 1G and data not shown). This was not unexpected in light of the high levels of tumor CXCL1, CXCL3, CXCL5, and/ or CXCL7, since chronic chemokine exposure leads to CXCR2 internalization and degradation (33, 34) . Weak CXCR2 immunoreactivity was found on the leukocyte infiltrate in sections of WT papillomas, but CXCR2 protein could not be detected by immunohistochemistry on any other cells within or around these tumors (data not shown). This was consistent with Q-RT-PCR data showing that Cxcr2 transcripts were only increased approximately 3-fold above the very low levels found in noninflamed normal skin ( Figure 1H ). These transcripts were presumably primarily from the infiltrating CXCR2 lo Ly6G + cells, but low-level CXCR2 expression by other cells, including nonleukocytes, cannot be excluded.
CXCR2 deficiency leads to MPO + cell paucity in TPA-inflamed skin and papillomas, reduced tumor microvessel density, and markedly suppressed papilloma formation. To define indispensable roles for CXCR2 during tumor-promoting, and papilloma-driven, inflammation, we compared WT and Cxcr2 -/-mice. We first examined the skin after single or multiple TPA applications. A single TPA application caused a time-dependent upregulation of transcripts for Cxcl1, Cxcl2, Cxcl5, and Cxcl7 and an increase in Cxcr2 mRNA in the skin (Figure 2A) . Similarly, genes encoding CXCR2 ligands were induced by TPA administration to skin that had been chronically inflamed by repeated TPA application over a 2-week period ( Figure 2B ). Expression of genes encoding CXCR2 ligands peaked 12-24 hours after TPA application, coinciding with the time of highest Cxcr2 expression. Compared with WT mice, Cxcr2 -/-skin contained far fewer dermal and epidermal MPO + cells 6-24 hours after TPA application to naive or chronically inflamed skin ( Figure 2C ). MPO + cells detected in Cxcr2 -/-skin were almost exclusively found in dermal blood vessels ( Figure 2C ). The MPO + cells recruited to the acutely inflamed skin of WT mice presumably originated from the blood Gr1 hi (Ly6G + ) neutrophil pool, the predominant source of CXCR2-expressing cells in the circulation ( Figure 1B) . Indeed, the genes encoding neutrophilic granule protein (NGP) and CD177 (which, like CXCR2, are highly restricted to neutrophils; www.immgen.org) showed increased expression in inflamed skin relative to untreated skin (∼2,500-and 200-fold, respectively; data not shown).
The neutrophil recruitment defect was accompanied by a reduced keratinocyte proliferative response in Cxcr2 -/-skin 6-12 hours after application of TPA to naive or chronically inflamed skin, as assessed by Ki67 staining ( Figure 2D ). This was also seen 24 hours after TPA application to chronically, but not acutely, inflamed skin, but no differences were observed at 48 hours ( Figure 2D and data not shown). 6-24 hours after a single cutaneous TPA application, when MPO + cells were at their peak, immunohistochemistry of inflamed WT skin (using Cxcr2 -/-counterparts as negative controls) revealed the presence of CXCR2 + cells among the inflammatory infiltrate (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI61067DS1) that were absent from resting WT skin. No specific, reproducible anti-CXCR2 staining of epithelial or endothelial cells Balb/c back skin 6, 12, and 24 hours either after a single TPA treatment (acute), or after the last of 6 TPA applications spanning 2 weeks (chronic). The mean of the maximal WT response in each data set is set to 100%. *P < 0.05, ***P < 0.001, 1-way ANOVA with multiple comparison post-test.
was observed in WT skin (data not shown), although low levels of CXCR2 expression by nonleukocytes cannot be excluded.
Next, we assessed the overall effect of Cxcr2 deficiency on papilloma development. We painted the dorsal skin of WT and Cxcr2 -/-mice with a single dose of DMBA, followed by triweekly TPA treatments for 20 weeks. This robustly induced papillomas on WT mice, and, consistent with previous work (27) , Cxcr2 -/-mice were profoundly resistant to tumor induction. There was a substantial reduction in the average number of tumors formed ( Figure 3A) , and 40% of the Cxcr2 -/-mice remained tumor free ( Figure 3B ). The papillomas that did develop on Cxcr2 -/-mice were significantly smaller than those on WT animals ( Figure 3C ). MPO + cells associated with WT papillomas were nearly completely absent from Cxcr2 -/-tumors ( Figure 3 , D and E). Cxcr2 deficiency was also associated with a reduction in tumor microvessel density, with an average of approximately 50% fewer CD31 + vessels/mm 2 in Cxcr2 -/-than WT tumors ( Figure 3F ). The papillomas that developed on Cxcr2 -/-mice were, however, no different from WT tumors in their expression of senescence markers, and BrdU incorporation and expression of markers of DNA repair, apoptosis, or proliferation were not noticeably different between WT and Cxcr2 -/-tumors (Supplemental Figure 2 , A and B). Thus, CXCR2 was critical for the recruitment of MPO + cells into inflamed skin and papillomas; enhanced keratinocyte proliferation during cutaneous inflammation and microvessel density in skin tumors; and played a central protumorigenic role in DMBA/TPA-induced papillomagenesis.
CXCR2 deletion suppresses colitis-associated tumorigenesis. To explore the general relevance of CXCR2 to inflammation-associated cancer, we next examined whether Cxcr2 deficiency influences colitisassociated cancer. In this protocol, mice were given a single i.p. injection of the mutagen azoxymethane (AOM) at 12.5 mg/kg followed by several 5-day periods of feeding 2% dextran sodium sulfate (DSS) in the drinking water, interspersed with periods on normal water (Supplemental Figure 3) . As in the DMBA/TPA-induced skin papillomas, Cxcl1, Cxcl2, Cxcl5, and Cxcl7 were all substantially elevated in all AOM/DSSinduced colonic polyps from WT mice, and there was a small increase in Cxcr2 expression ( Figure 4A ). These adenomas were harvested 2-3 weeks after the final DSS treatment, and were thus constitutively producing these chemokines in the absence of exogenous inflammatory stimuli. MPO + cells were present in the stromal compartment directly adjacent to the neoplastic epithelial cells in all WT tumors analyzed ( Figure 4B ). Thus, AOM/DSS-induced adenomas expressed the chemokines capable of recruiting blood Ly6G + cells and contained populations of infiltrating MPO + cells.
2% DSS drives colitis-associated tumorigenesis, but only mild clinical symptoms of colitis develop in WT mice during the 2% DSS feeding periods. Higher doses (3.5%-5% DSS) are required to substantially disrupt colonic integrity. This leads to infiltration of the lamina propria by inflammatory cells and clinical symptoms of colitis. CXCR2 inhibition has been reported to protect Balb/c mice from the effects of 4%-5% DSS (35, 36) ; consistent with this, CXCR2 deficiency provided effective protection from the clinical and histopathological symptoms of colitis induced by 3.5% DSS (Supplemental Figure 4A ). With progressive DSS-induced damage, WT colons showed strong upregulation of expression of CXCR2 chemokine ligands, concomitant with increased CXCR2 expression (Supplemental Figure 4B ). This was accompanied by MPO + cell infiltration of the WT lamina propria that was markedly reduced in Cxcr2 -/-mice (Supplemental Figure 4C) . No obvious clinical symptoms developed in WT or Cxcr2 -/-mice during feeding with 2% DSS (data not shown). There were, however, increases in chemokine mRNA levels in WT colons, as assessed by Q-RT-PCR, with Cxcl1, Cxcl2, and Cxcl5 showing statistically significant upregulation after 5 days of DSS exposure ( Figure 5A ). Moreover, localized histological changes were present in WT colons after 5 days of 2% DSS feeding, as well as at day 7 (i.e., 2 days after reverting to DSS-free water; Figure 5B and data not shown). These inflamed areas contained substantial numbers of MPO + cells, localized primarily near the colonic crypts ( Figure 5B), and on day 7 showed extensive epithelial proliferation (assessed by BrdU incorporation; Figure 5C ). In contrast, the structure of Cxcr2 -/-colons was unaffected by exposure to 2% DSS; the lamina propria contained few extravascular MPO + cells; and intestinal epithelial cells incorporated BrdU in a manner comparable to that of mice that had not received DSS ( Figure 5 , B and C). The MPO + cells recruited to the acutely inflamed colons of WT mice were likely to be derived from the circulating Ly6G + neutrophil pool, the predominant CXCR2 + cell type in the blood (Figure 1B) . Thus, CXCR2 deficiency substantially altered the colonic response to low and high doses of DSS.
Next, we considered the overall effect of Cxcr2 deletion on adenoma development. Cxcr2 -/-mice were highly resistant to the induction of adenomas by AOM/DSS treatment, developing far fewer tumors that were significantly smaller than those present in WT animals, leading to an approximately 90% reduction in tumor burden ( Figure 6A ). MPO + cells present in the stromal compartment of WT tumors were virtually absent from Cxcr2 -/-adenomas ( Figure 6B) , and there was a substantial reduction in microvessel density in Cxcr2 -/-tumors ( Figure 6C ). Thus, as in DMBA/TPAinduced skin tumorigenesis, CXCR2 played a strong protumorigenic role in colitis-associated cancer.
Spontaneous mouse tumors express genes encoding CXCR2 ligands and contain MPO + cells, and CXCR2 ligands are a prominent part of the Apc Min/+ adenoma secretome. CXCR2-mediated leukocyte recruitment, a key component of TPA-and DSS-driven inflammation, likely makes a substantial contribution to the strong protumorigenic role of CXCR2 in these tissues. Nonetheless, in both models, it is also likely that CXCR2 contributes to the tumor-driven inflammatory response, because long after treatment with exogenous inflammatory stimuli was discontinued, all established tumors had evolved to constitutively express high levels of CXCR2 ligands and contained CXCR2-dependent MPO + cells. Most human tumors do not arise in the context of preexisting chronic tissue-wide inflammatory disease, and therefore it was important to examine the role of CXCR2 in spontaneous malignancy in the absence of experimentally induced chronic tissue inflammation.
For this purpose, we used 3 spontaneous mouse models of cancer: the Apc Min/+ model of benign intestinal adenomas (37), the AhCreER;Apc fl/+ ;Pten fl/fl model of invasive intestinal adenocarcinoma (38) , and the K14CreER;KRas G12D/+ model of spontaneous oral papilloma formation (39, 40) . Like the inflammation-driven tumors, there was a substantial increase in mRNA expression of at least 1, and often all 4, of the genes encoding CXCR2 ligands in all the tumors analyzed from these models ( Figure 7 , A and B, and Supplemental Figure 5A ). In the AhCreER;Apc fl/+ ;Pten fl/fl model, invasive tumors typically had higher expression of genes encoding CXCR2 ligands than noninvasive tumors, but Cxcl2 was expressed, on average, approximately 100-fold higher than control in both invasive and noninvasive tumors ( Figure 7B ). In all Apc Min/+ tumor lysates we analyzed, protein for at least 1 of the chemokines CXCL1, CXCL2, or CXCL5 was readily detected, but all were barely detectable in lysates of normal intestine ( Figure 7C ).
Figure 5
Cxcr2 deficiency protects against intestinal inflammation induced by 2% DSS. WT and Cxcr2 -/-mice were fed 2% DSS for 5 days and then normal water for a further 6 days. (A) Relative expression of Cxcr2 and its ligands in WT Balb/c colon during 2% DSS feeding, as determined by Q-RT-PCR; mean expression in colon of untreated control mice (UC) is set to 1. On refers to duration of 2% DSS feeding; Off refers to duration of return to normal water. *P < 0.05, **P < 0.01 versus untreated control, 1-way ANOVA with multiple comparison post-test. (B and C) Representative sections of colons from WT and Cxcr2 -/-Balb/c mice immunostained with anti-MPO (B) or anti-BrdU (C) Ab (brown), either 2 days after returning to normal water or in the absence of DSS exposure. Mice were injected i.p. with BrdU 2 hours before harvest. Sections were counterstained with hematoxylin and visualized by light microscopy. The number of MPO + cells per section of WT and Cxcr2 -/-(KO) colons after 5 days of 2% DSS feeding and 2 days after return to normal water (n = 4 per group) is also shown in B. *P < 0.05, **P < 0.01, Mann-Whitney test. Scale bars: 200 μm (B and C). Box and whisker plots show median (lines within boxes), interquartile range (bounds of boxes), and upper and lower range (whiskers).
Using cytokine Ab arrays and ELISAs, we next analyzed conditioned media from stroma-free primary Apc Min/+ adenomas and crypt cultures established from WT mice. This revealed CXCL1, CXCL2, CXCL5, and CXCL7 were abundant components of the Apc Min/+ tumor secretome ( Figure 7D and Supplemental Figure 6 ). Q-RT-PCR confirmed increased expression of these genes by Apc Min/+ adenoma cultures (data not shown). In fact, of the approximately 100 cytokines and secreted factors analyzed on the arrays, CXCL1, CXCL2, CXCL5, and CXCL7 were among the top 6 proteins most differentially expressed between cultured primary Apc Min/+ adenomas and WT crypt cultures; notably, none of the other 10 or so inflammatory chemokines that could be detected using the arrays were substantially upregulated in Apc Min/+ adenoma cultures (data not shown). Moreover, transcriptomics failed to identify any inflammatory chemokines that were consistently elevated in RNA samples prepared from Apc Min/+ tumors immediately after dissection from the intestine, compared with samples from tumor-free intestine (data not shown). Thus, Apc Min/+ tumor cells abundantly expressed at least 1, and often more, of the CXCR2 chemokine ligands, and these chemokines formed a specific and prominent part of the tumor-associated secretome.
Relative to normal tissue, Cxcr2 was also upregulated in tumors from the 3 models (Figure 7 , A and B, and Supplemental Figure  5A ). Tumor sections immunostained with anti-CXCR2 Ab failed to reveal any reproducible evidence of CXCR2 expression by epithelial, endothelial, or tumor cells, although low-level expression of CXCR2 by these cells cannot be excluded. However, weak anti-CXCR2 immunoreactivity was observed on leukocytes in the stromal compartment ( Figure 8A) . The large majority of the tumors analyzed contained MPO + cells, usually located in the stroma directly underlying the tumor cells, and sometimes among the tumor cells ( Figure 8B and Supplemental Figure 5B ). These cells were rare outside of blood vessels in normal adjacent tissue (data not shown). In Apc Min/+ and AhCreER;Apc fl/+ ;Pten fl/fl mice, even small lesions contained substantial populations of MPO + cells, and in invasive AhCreER;Apc fl/+ ;Pten fl/fl tumors, MPO + cells were particularly noticeable at the invasive front ( Figure 8B) .
To confirm the presence of similar cell populations within the stroma of human intestinal adenomas, we stained human adenoma sections with Ab against MPO. Indeed, 12 of 15 human colonic adenomas that we screened contained MPO + cells, at varying densities, within the tumor stroma and occasionally within the neoplastic epithelium (Supplemental Figure 7) . Thus, MPO + cell infiltration was a common feature of human colonic adenomas, as in the mouse models.
CXCR2 inhibition suppresses spontaneous development of benign tumors. We next investigated whether CXCR2 contributed to spontaneous tumorigenesis in Apc Min/+ mice. Due to genetic modifiers strongly modulating tumorigenesis in this strain, only mice with purebred C57BL/6J background can be reliably used (41) . Because Cxcr2 -/-mice were on a Balb/c background, to avoid extensive backcrossing, we instead chose to use pepducin inhibitors of CXCR2 (24). Kaneider and colleagues developed pepducins that specifically target CXCR1 and CXCR2 and used them to block sepsis in mice (24) . We treated Apc Min/+ mice daily from 35 days old with pepducin or a nontargeting pepducin control, harvesting intestines when the animals were 85 days old. Control Apc Min/+ mice developed large numbers of intestinal adenomas, as expected, but this was reduced by treatment with the CXCR1/2-blocking pepducin ( Figure 9A ). Those tumors that did develop in animals treated with CXCR1/2 pepducin contained few MPO + cells, unlike controls ( Figure 9 , B and C). Microvessel density, however, was unaffected by CXCR1/2 pepducin treatment ( Figure 9D ).
In the K14CreER;KRas G12D/+ model, sporadic cre activity during development drives the rapid emergence of oral papillomas shortly after weaning (40) , and these animals often have to be euthanized before they can breed. As a consequence, it proved difficult to generate cohorts of K14CreER;KRas G12D/+ mice in which both Cxcr2 alleles were deleted. Nonetheless, we found that haploinsufficiency for Cxcr2 was able to significantly slow tumorigenesis in this short latency oral papilloma model (Supplemental Figure 5C) .
CXCR2 deficiency suppresses spontaneous development of intestinal adenocarcinomas. Since CXCR2 inhibition or deficiency strongly suppressed inflammation-driven and spontaneous benign tumor formation, we next examined whether it had any effect on intestinal adenocarcinoma formation in AhCreER;Apc fl/+ ;Pten fl/fl mice (38) . In this model, cre recombinase induction in the intestine, by treatment with β-napthoflavone and tamoxifen, is used to delete 1 copy of Apc and both copies of Pten and leads to the rapid development of intestinal adenocarcinomas after the sporadic loss of the remaining Apc allele (38) . First, we examined the effect of CXCR2 deficiency on short-term responses to cre induction (i.p. injection on 4 consecutive days with β-napthoflavone and tamoxifen) using Long-term Ly6G + cell depletion suppresses intestinal tumorigenesis. The data above revealed the importance of CXCR2 in inflammationdriven and spontaneous tumorigenesis in the skin and intestine. Because CXCR2 was predominantly expressed by Ly6G + (Gr1 hi ) leukocytes, we anticipated that their CXCR2-dependent recruitment into inflamed tissues and tumors was playing a major protumorigenic role. However, Cxcr2 -/-mice consistently had lower microvessel density, and although we were unable to detect CXCR2 on endothelial cells by immunohistochemistry, its absence from these cells might contribute to the reduction in tumor burden seen in Cxcr2 -/-mice. We were therefore interested in specifically assessing the contribution of Ly6G + (Gr1 hi ) leukocytes to tumorigenesis in our models. The 1A8 Ab recognizes Ly6G and is often used to deplete Ly6G + cells in vivo. Here, compared with control animals injected with equivalent quantities of isotype-matched Ab (2A3), a single injection of 1A8 substantially reduced the numbers of circulating neutrophils (identified using both an ADVIA 2120 Hematology System and flow cytometry after immunostaining for CXCR2 and Gr1), and this could be maintained for at least 3 weeks with triweekly 1A8 injections (Supplemental Figure 10) .
To explore the effect of long-term Ly6G + cell depletion on tumorigenesis, WT mice undergoing AOM/DSS treatment were injected 3 times per week with 1A8 or isotype control (2A3) from the start of the first DSS feed, and harvested after 2 cycles of DSS ( Figure 11 , A-C). Compared with controls, 1A8-treated mice had approximately 70% fewer polyps; those polyps that did develop were, on average, smaller; and there was an overall reduction in tumor burden of 80%-90% ( Figure 11A ). At the time of sacrifice, there were much fewer blood neutrophils in mice treated with 1A8 than with isotype control ( Figure 11B ). MPO + cells were absent from the tumors that did develop in 1A8-treated mice (data not shown), which suggests, as expected, that Ly6G + leukocytes recruited from the blood give rise to MPO + cells in the tumor. Ly6G + cell depletion and Cxcr2 deficiency suppressed AOM/DSS tumorigenesis to a similar extent, but it was notable that, unlike Cxcr2 deficiency, Ly6G + cell depletion had no effect on tumor microvessel density ( Figure 11C) . Similar experiments were then performed in Apc Min/+ mice (Figure 11 , D-G): 35-day-old animals received 1A8 or isotype control 3 times per week, and their intestines were analyzed 7 weeks later. Like CXCR1/2 pepducin treatment, this prolonged Ly6G + cell depletion led to a significant reduction in the number of intestinal adenomas in Apc Min/+ mice compared with animals receiving isotype control ( Figure 11D ). MPO + cells were absent from the tumors that developed in 1A8-treated Apc Min/+ mice ( Figure 11 , E and F), but tumor microvessel density was no different from that of controls ( Figure 11G ). 1A8 and CXCR1/2 pepducin reduced polyp burden to a similar extent in Apc Min/+ mice; combining the treatments failed to suppress adenoma development beyond that seen with either treatment alone (data not shown). Thus, long-term Ly6G + cell depletion reduced the number of adenomaassociated MPO + cells, but had no effect on tumor microvessel density. However, it suppressed formation of AOM/DSS-induced and spontaneous Apc Min/+ adenomas to a similar extent as CXCR2 deficiency or inhibition.
Short-term Ly6G + cell depletion suppresses papilloma growth and enhances tumor cell apoptosis. Next, we sought to determine whether short-term 1A8 treatment could be used to deplete tumor-associated MPO + cells and allow us to explore their role in controlling the growth of established tumors. We used mice carrying DMBA/TPA-induced papillomas so that we could noninvasively measure the size of individual tumors before and after Ly6G + cell depletion. These mice were treated with 1A8 or 2A3 3 times per week for 2.5 weeks. Blood Gr1 + cells were reduced in 1A8-treated mice at the time of harvest, as expected, and the papillomas taken from these animals contained far fewer cells expressing MPO (by immunohistochemistry) or Gr1 (by flow cytometry) than tumors from 2A3-treated mice ( Figure 12A and data not shown). Moreover, by comparing the size of individual tumors and the total tumor burden before and after Ab treatment, it was apparent that Ly6G + cell depletion was accompanied by a marked suppression of papilloma growth ( Figure 12B ). Ly6G + cell depletion had no effect on intratumoral microvessel density ( Figure 12C ), on tumor cell expression of p53 or p16, or on incorporation of BrdU into the cells of the papilloma (Supplemental Figure 11 ). However, papillomas from 1A8-treated mice contained far more cells positive for cleaved caspase 3 than did tumors from isotype-treated animals ( Figure 12, D and E) , indicative of increased tumor cell death. Thus, short-term anti-Ly6G Ab treatment depleted tumor-associated MPO + cells; had no effect on tumor microvessel density; enhanced tumor cell death; and suppressed papilloma growth. (27, (45) (46) (47) . For example, D6 deficiency, despite enhancing AOM/ DSS-induced tumorigenesis (46) , has no effect on spontaneous adenoma formation in Apc Min/+ mice, and induction of D6 transgenes does not affect the growth of established papillomas (O.J. Sansom and R.J.B. Nibbs, unpublished observations), despite similar transgenes suppressing papillomagenesis when they are present throughout tumor induction (45) . The effect of CXCR2 deficiency on tumor susceptibility is therefore particularly notable because of (a) the extent of tumor suppression, (b) its effect on both inflammation-driven and spontaneous tumor formation, and (c) its role in tumorigenesis in multiple tissues (i.e., skin, small intestine, colon, and oral cavity).
We contend that this is primarily because the recruitment of blood Ly6G + cells, which can give rise to tumor-associated MPO + cells, was heavily dependent on CXCR2 (i.e., there is minimal functional redundancy), and that these cells were key players in tumori-
Discussion
Chemokine expression is often dysregulated during carcinogenesis, and oncogene activation leads to induction of proinflammatory chemokines (16, 42, 43) . However, the promiscuity of chemokines and their receptors has led to the view that while inhibition of a single chemokine receptor might have some effect on primary tumor formation, the functional redundancy built into the chemokine system to ensure robust responses during infection will limit the effect that any single chemokine receptor will have on de novo tumor development. Indeed, there are only a few reports of genetic chemokine receptor deficiency altering susceptibility to primary tumor formation in spontaneous mouse models of cancer (28, 44) , and some components of chemokine networks known to influence inflammation-driven tumorigenesis (e.g., CCL2 and D6) are likely to be regulating responses to exogenous inflammatory agents rather than modifying the stroma of established tumors ligands was an important component of the response (21) . In vivo, this would be expected to initiate local inflammation, which could mask any senescence-related tumor suppressor effects mediated by CXCR2. Again, Cxcr2 fl/fl mice will be valuable tools in helping to study this putative function of CXCR2 in vivo.
In inflammation-driven cancer models, CXCR2 deficiency substantially altered responses to TPA and DSS, and this likely contributed to tumor suppression. Nonetheless, all DMBA/TPAinduced papillomas and AOM/DSS-induced adenomas evolved high, constitutive expression of CXCL1, CXCL2, CXCL5, and/or CXCL7 that was maintained long after treatment with inflammatory agents had been discontinued. In papillomas, these chemokines were made by stromal and tumor cells, and both DMBA/ TPA-induced papillomas and AOM/DSS-induced adenomas showed CXCR2-dependent accumulation of MPO + cells. These cells were of functional importance, because short-term Ly6G + cell depletion, which purged tumor-associated MPO + cells, slowed the growth of established skin papillomas. These observations point toward an indispensable role for CXCR2-mediated leukocyte recruitment in tumor-driven inflammation, and this is given further credence by the data from spontaneous tumor models. The near-complete suppression of tumorigenesis by Cxcr2 deletion in AhCreER;Apc fl/+ ;Pten fl/fl mice was unexpected. There were no immediate CXCR2-dependent consequences of Pten and/or Apc deletion, but all tumors examined contained substantial populations of MPO + cells and had upregulated at least 1, and often all 4, of the CXCR2 ligands. Analysis of Apc Min/+ adenoma cultures showed that CXCL1, CXCL2, CXCL5, and CXCL7 were major components of the adenoma secretome and that there was not widespread induction of non-CXCR2-binding chemokines. It therefore appears that specific production of CXCR2 ligands is a universal property of skin and intestinal tumors in the models we used, which suggests that there is strong selective pressure for the emergence of this characteristic during tumor development.
Leukocytes are the main source of CXCR2 in inflamed tissues and tumors, and CXCR2 is highly restricted to Ly6G + cells in blood. Before tumor development, these Ly6G + cells are mainly neutrophils. Some recent studies on tumor-associated neutrophils support a protumorigenic role for these cells in primary tumors (53) (54) (55) (56) (57) , and our present data suggested that acute CXCR2-driven neutrophil recruitment influences epithelial cell proliferation in the skin and gut in response to inflammatory stimuli. This could also play a role in the spontaneous models, where one might envisage very early tumors recruiting neutrophils through CXCR2 to support their proliferative expansion. In established papillomas, however, it was tumor cell death that was most noticeably affected by Ly6G + cell depletion, so perhaps the manner in which these cells support tumorigenesis changes as the tumor develops. Alternatively, the type of cells recruited by CXCR2 ligands may change. In tumor-bearing mice, circulating neutrophil numbers increase, but there are also changes in myeloid development, such that circulating Gr1 + CD11b + MDSC populations emerge that resemble neutrophil precursors found in the bone marrow of tumor-free mice (32) . Many of these cells, particularly polymorphonuclear MDSCs, will have the potential to be recruited to tumors by CXCR2 engagement (11) . Interestingly, we only saw increased numbers of cleaved caspase 3 + tumor cells after Ly6G + cell depletion from mice with established tumors. The few inflammation-driven or spontaneous tumors that emerged after long-term Ly6G + cell depletion, CXCR2 deficiency, or CXCR2 inhibition did not contain more cleaved genesis in all the models we examined. This is based on several observations. First, there was no alternative signaling receptor for most of the CXCR2 ligands in mice. Second, CXCR2 was highly restricted to Ly6G + cells in blood, and leukocytes were the dominant source of CXCR2 in inflamed tissues and tumors. Third, CXCR2 was indispensable for the accumulation of MPO + cells in inflamed tissues and tumors. Fourth, Ly6G + cell depletion suppressed adenoma development in Apc Min/+ and AOM/DSS-treated mice to an extent similar to that of CXCR2 inhibition/deficiency, without noticeably affecting tumor microvessel density. Fifth, combining pepducin-mediated CXCR2 inhibition and Ly6G + cell depletion had no additive effect in Apc Min/+ mice. Sixth, Ly6G + cell depletion slowed the growth of established papillomas, without altering tumor microvessel density.
Although no CXCR2 immunoreactivity on epithelial or endothelial cells in inflamed tissues or tumors was detected, it is possible that CXCR2 on these cells affects tumorigenesis. CXCR2 on endothelial cells can mediate angiogenesis (14) , and there were clear reductions in microvessel density in tumors in Cxcr2 -/-mice in the DMBA/TPA and AOM/DSS models. Notably, this was not seen after Ly6G + cell depletion from Apc Min/+ mice, WT mice with DMBA/TPA-induced papillomas, or AOM/DSS-treated WT mice; therefore, the reduced microvessel density of Cxcr2 -/-tumors is probably independent of defects in Ly6G + cell recruitment, and more likely caused by loss of direct CXCR2-mediated regulation of endothelial cells. Interestingly, although CXCR1/2 pepducin prevented accumulation of MPO + cells in Apc Min/+ adenomas, it had no effect on microvessel density, which suggests that the activity of CXCR1/2 pepducin is limited to leukocytic CXCR2, perhaps because it is unable to access CXCR2 on tumorassociated endothelial cells.
We attempted to specifically address the protumorigenic role of hemopoietic CXCR2 using bone marrow radiation chimeras (data not shown). Radiation chimerism is a complex experimental system requiring key control groups, and we encountered several problems that precluded definitive conclusions, including the death of all KO→KO and greater than 50% of all WT→KO and KO→WT chimeras, by 6 weeks after irradiation (similar problems have been reported by others; ref. 48 ) and the reacquisition of substantial numbers of CXCR2-expressing (i.e., WT) Gr1 hi blood cells 10-20 weeks after irradiation (the period of tumor induction) in surviving KO→WT chimeras. The extent of recipient chimerism is not reported in other studies using CXCR2 KO→WT chimeras (15, (48) (49) (50) , but will clearly influence data interpretation. In addition, not all WT→WT and WT→KO chimeras developed tumors, and those that did had far fewer than unirradiated WT animals. Thus, irradiation per se altered tumor susceptibility, so that KO→KO mice, and KO→WT mice without WT blood cells, were critical for interpreting WT→WT and WT→KO data. Definitive roles for CXCR2 on different cell types remain to be determined, and we are developing Cxcr2 fl/fl mice to give temporal and lineage-specific control over Cxcr2 deletion and allow us to answer this question.
The role of CXCR2 in senescence in vivo also requires investigation (21) . It seems unlikely to be playing a major role in the models we studied here, but it could allow CXCR2 to act as a tumor suppressor in some contexts, particularly in models more clearly associated with senescence, such as after PTEN inactivation in prostate, or BRAF activation in melanocytes (51, 52) . However, it should be noted that the CXCR2/senescence study was performed in vitro in the absence of immune cells, and secretion of CXCR2 caspase 3 + tumor cells than did controls (Supplemental Figure 2B and Supplemental Figure 12 ), presumably because they developed survival strategies that did not rely on CXCR2 + cells.
Neutrophils and polymorphonuclear MDSCs carry a wealth of molecules that might contribute to their protumorigenic activity, such as DNA-damaging reactive oxygen species and protumorigenic cytokines (e.g., TNF-α and IL-6) (58, 59). They also release proteases (e.g., elastase and matrix metalloproteinases) that can directly regulate tumor cell proliferation and modify the tumor stroma (56, 57, 60) . These proteases might aid tumor invasion, and it was notable that MPO + cells were often found at the invasive front of AhCreER;Apc fl/+ ;Pten fl/fl tumors and that far fewer tumors in AhCreER;Apc fl/+ ;Pten fl/fl ;Cxcr2 -/-mice were invasive. This might be due to slowed tumor development, but evidence already exists that chemokines can control local invasion by recruiting leukocytes to the invasive front (11, 61, 62) . For example, CCL9, acting through CCR1, aids intestinal tumor invasion and liver metastasis in cis-Apc +/Δ716 ;Smad4 +/-mice by this mechanism (63, 64) . Chemokine receptors on leukocytes have also been implicated in facilitating the formation of secondary tumor deposits (65) . In this regard, it is interesting that, in contrast to the protumorigenic roles of neutrophils in primary tumors, "tumor-educated" neutrophils have been reported to suppress the formation of metastatic deposits in the lung (66) . A role for CXCR2 in directing the homing of these cells is possible, and needs to be explored.
Collectively, our data suggest that CXCR2 might be an efficacious target in the prevention of inflammation-associated cancers and the treatment of established tumors. A variety of small molecule CXCR2 antagonists have already been developed, ostensibly for the treatment of inflammatory disease (25), so it should be possible to rapidly explore their activity in preclinical models of cancer. In this respect, it is encouraging that pepducins inhibited adenoma formation in Apc Min/+ mice (present study), pancreatic ductal adenocarcinoma progression can be suppressed with a CXCR2 inhibitor (26) , and humanized neutralizing Ab against CXCL8 (a human-specific CXCR2 ligand) reduce tumor burden in animal models of melanoma (67) . However, on a cautionary note, CXCR2 + neutrophils play a critical role in immune defense, so inhibiting their homing is likely to lead to increased susceptibility to infection. Neutropenia is also a significant concern during chemotherapy. Moreover, if neutrophils can suppress the formation of metastatic deposits (66) , then CXCR2 antagonism could enhance cancer spread. Nonetheless, within the chemokine receptor family, we propose that CXCR2 is currently the most encouraging candidate as a target for cancer therapy or prophylaxis.
Methods
Mice. Mice were maintained in specific pathogen-free conditions at the Beatson Institute for Cancer Research or Glasgow University animal facilities. All experiments were performed on a BALB/c background, apart from Apc Min/+ mice (C57BL/6J), and AhCreER;Apc fl/fl ;Pten fl/fl and K14CreER;KRas G12D/+ animals (mixed background: 50% BALB/c, 25% C57BL/6J, and 25% S129), and inbred FVB mice (Charles River) were used in the papilloma neutrophil depletion studies. Cxcr2 -/-mice weighing greater than 20% less than agematched WT animals were excluded from the study.
Neutrophil depletion and blood neutrophil quantitation. For neutrophil depletion studies, 500 μg of either 1A8 monoclonal Ab (anti-mLy-6G; Bioxcell) or 2A3 isotype control Ab (Rat IgG2a; Bioxcell) was injected i.p. either once or 3 times per week for the duration of the experiment, as indicated. To evaluate neutrophil/Ly6G + cell depletion, 200-500 μl blood was collected by car-
